Background. Glomerular number and size are important risk factors for chronic kidney disease (CKD) and cardiovascular disease and have traditionally been estimated using invasive techniques. Here, we report a novel technique to count and size every glomerulus in the rat kidney using magnetic resonance imaging (MRI). Methods. The ferromagnetic nature of cationized ferritin allowed visualization of single glomeruli in high-resolution susceptibility-weighted MRI. A segmentation algorithm was used to identify and count all glomeruli within the whole kidney. To prove our concept, we estimated total glomerular number and mean glomerular volume of each kidney using design-based stereology. Results. The glomerular counts obtained with MRI agreed well with estimates obtained using traditional methods [MRI, 32 785 (3117); stereology, 35 132 (3123)]. For the first time, the glomerular volume distribution for the entire kidney is shown. Additionally, the method is substantially faster than the current methods.
Introduction
In 1988, Brenner et al. [1] proposed that a reduced number of nephrons increases the risk of hypertension and thereby is a risk factor for the development of chronic kidney disease (CKD; 'nephron-underdosing hypothesis'). Mackenzie and Brenner [2] subsequently associated reduced renal allograft survival with low nephron number. Several studies have described associations between nephron number and glomerular volume with CKD risk factors including age, body surface area and birth weight [3] [4] [5] [6] [7] .
Researchers have been attempting to estimate the total number of nephrons in the kidney (N glom ) for almost 200 years. Almost all studies have been conducted on autopsy samples and have utilized light microscopy. Eysenhardt [8] in 1818 is given credit for the first estimation of the number of nephrons in the human kidney. A century later, Kittelson [9] published nephron counts for the laboratory rat. Since then, many techniques have been developed for the estimation of N glom . In 1984, the 'disector' method was described [10] . This unbiased stereological method, in conjunction with either a fractionator experimental design or estimation of kidney volume with the Cavalieri principle, is now generally accepted as the gold-standard method for estimating N glom [11, 12] . However, stereology provides an 'estimation' of N glom as only a small number of glomeruli, typically 100-300, are actually counted per kidney. Similarly, acid maceration provides an estimate of N glom based on sampling. In 1994, Basgen et al. [13] introduced magnetic resonance imaging (MRI, 1.5 Tesla) as a tool for glomerular quantification. The volume of the renal cortex was assessed by MRI. However, volume density of glomeruli per cortex (V v(glom/cortex) ) as well as mean glomerular volume (V glom ) were still obtained from needle biopsies. A combination of both techniques allowed calculation of N glom in the whole organ in situ.
High-field MRI is a noninvasive imaging modality based on three-dimensional (3D) tomography and has the advantage of providing retrospective slice reconstruction in arbitrary orientations. Spatial image resolution in the micrometer range is possible; however, high-performance gradient systems such as those present in small animal systems are required. Measurement time can be reduced when using a cryogenic coil for signal detection.
We now report a technique for the quantification of N glom and V glom in the normal rat kidney ex vivo (Figure 1 ). For the first time, the glomerular volume distribution for the entire kidney is shown. The method is substantially faster than current methods and can lead the way to in vivo analysis of these parameters, including longitudinal studies of animal models of CKD.
Materials and methods

Animals
Four male Sprague-Dawley (SD) rats (200-350 g; Janvier, France) received standard rat diet (containing 19% protein; Ssniff, Soest, Germany) and tap water ad libitum. All experiments were conducted in accordance with the German Animal Protection Law and were approved by the local authority (Regierungspräsidium, Nordbaden, Karlsruhe, Germany).
Ferritin labelling
The glomerular basement membrane (GBM) of the rat kidneys was labelled with cationized ferritin (Sigma-Aldrich, St Louis, MO) as described previously [14] . After retrograde body perfusion with 0.9% NaCl and 4% paraformaldehyde under a pressure of 220 mmHg (3 min) and then 180 mmHg, the kidneys were immediately embedded in 1.2% agarose (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) in phosphatebuffered saline. MRI was conducted on the same day the kidneys were prepared. After MRI, kidneys were removed from the agarose gel and stored in 10% formalin until stereological analysis. ) in each kidney were determined using the physical disector/fractionator method as described previously [11, [15] [16] [17] . In short, V ster glom was determined by dividing V Vglom,kid (volume density of glomeruli in kidney) by N Vglom,kid (numerical density of glomeruli in kidney). V Vglom,kid was estimated using stereological point counting, and N Vglom,kid was estimated by dividing N glom,kid (estimated using a disector/fractionator design) by kidney volume (estimated using the Cavalieri Principle). assumed that all glomeruli were spherical.
Magnetic resonance imaging
Six kidneys embedded in agarose gel were imaged with a high-field MRI scanner operating at 9.4 Tesla (Biospec 94/20; Bruker Biospin, Ettlingen, Germany) using a cryogenic transmit and receive coil (CryoProbeä; Bruker Biospin). After two-dimensional overview scans along the three main axes using a FLASH sequence [ . Due to the limited penetration depth of the cryogenic coil, kidney samples were rotated by 180°after the first measurement and the MRI protocol was repeated yielding in total two data sets per kidney.
Segmentation of MRI data sets
Data postprocessing was performed with MATLAB Version 7.10.0 (The MathWorks, Natick, MA). Signal intensity of MRI data was normalized with respect to noise so that all data sets had the same noise mean and SD [676 (249) a.u.]. Signal inhomogeneity due to the usage of a surface coil for image acquisition was corrected by application of a previously described algorithm [18] . On MRIs, the papilla and surrounding fat tissue was manually removed using the free open-source Medical Imaging Interaction Toolkit (MITK) revision 25252 (German Cancer Research Center, Heidelberg, Germany) [19] . On normalized and inhomogeneitycorrected MRIs, ferritin-labelled glomeruli, appearing as black objects spanning several voxels, are comparable to valleys in the signal intensity landscape. A valley was defined as an area of dark pixels surrounded by lighter pixels. For automatic segmentation of glomeruli, the valleys were filled by means of a morphologic grayscale reconstruction algorithm [20] with connectivity set to 6. All valleys having a minimum depth of at least the value called the lower segmentation threshold ('minimum depth', D min ) were separated by connected component labelling with six connectivity and interpreted as glomeruli. Inspection of segmentation results with MITK revision 25252 resulted in an optimal threshold value of D min ¼ 775 for all data sets. With this D min value, which is slightly larger than 33 SD noise , noise pixels should be eliminated in at least 99.9% of all cases [21] . Mean glomerular volume (V MRI glom ) was calculated from the isotropic voxel size of (35 3 35 3 35) cubic micrometer without any further geometric assumption. However, the calculation of D MRI glom assumed spherical glomerular shape.
Statistical analysis
All plots were created using the R statistical package (Version 2.11.1), which is available on the Internet at http://cran.r-project.org/. Groups were compared using a paired t-test. Level of significance was set to P <0.05.
Results
Glomeruli can be efficiently labelled using cationized ferritin [14, 22] . We adapted this technique for the quantification of glomeruli in normal rat kidneys. N glom and V glom were determined in six kidneys from four SD rats using both MRI and unbiased stereology with analyses performed in a blinded fashion. In addition, with MRI, a size distribution was obtained from the volumes of all glomeruli. MRI quantification was performed in postprocessed images (Figure 2A-C) . MRI counts and stereological estimates for the six kidneys compared well ( Table 1 ). The two methods correlate well for V glom determination (Pearson coefficient of 0.75) even though the results are statistically different (P < 0.001) due to an overestimation of V glom using our MRI technique. Unlike stereology, MRI also provided glomerular volume distributions which showed an asymmetric behaviour toward smaller volumes ( Figure 2D and E) . Regarding time efficiency, glomerular quantification by MRI was seven times faster than stereology (Table 2) , requiring only 2.3-h hands-on time for measurement of N glom , V glom and the glomerular size distribution. Overall, one kidney can be analysed within~12 h.
Discussion
In this study, we present a novel technique for the quantification of glomerular number, volume and volume distribution in the normal rat kidney. We adopted a Fig. 1 . Flow chart of the described method. Sample preparation is followed by MR data acquisition and stereological evaluation. The same kidneys are analysed by the two methods. For each method, the performed steps are given in the precise order.
technique described by Bennett et al. [14] in 2008, in which the breakdown of the GBM during focal and segmental glomerulosclerosis was detected by cationized ferritin bound to the GBM. For glomerular quantification, we analysed ferritin-labelled kidneys by MRI followed by a postprocessing algorithm for segmentation. To validate our MRI technique, N glom and V glom were estimated in the same kidneys using design-based stereological methods. Cationized ferritin is well tolerated by rats and is eliminated from the GBM within 24 h due to the short turn-over time of the GBM [22] . Thus, this technique has the potential for in vivo analyses of glomerular number and size, including longitudinal studies in animal models of CKD.
After ferritin injection, rats underwent retrograde total body perfusion for 40 min at a supra-physiological level. This high pressure is needed to quickly flush out the blood from the small capillaries within the glomeruli despite the knowledge that this might lead to artificial enlargement of the glomeruli. As the possible enlargement is obtained prior to any analysis and the same kidney is analysed by both methods, it does not influence the comparability of the two methods. Due to the chosen perfusion pressure, the current measures of V glom and glomerular diameter (D glom ) ( Table 1 ) may differ slightly from previous reports.
Numerous previous studies have estimated N glom in SD rats. Unfortunately, published estimates often differ widely, in large part due to the quantitative methods used, with estimates ranging from 23 330 (1828) (7 weeks, n ¼ 7, stereology) to 38 467 (555) (22 months, n ¼ 5, maceration) [23, 24] . Spatial resolution and signal-to-noise-ratio (SNR) are important parameters when counting and sizing glomeruli with MRI. Therefore, TE was chosen as short as possible because the ferritin concentration in glomeruli was high enough to create a susceptibility effect in the MRIs. The choice of an isotropic resolution and adapted TR and flip-angle, the latter being set to the Ernst-angle, resulted in sufficiently high SNR to allow automated glomerular segmentation.
MRI data were acquired with a transmit and receive cryogenic probe which has inhomogeneous spatial sensitivity. Therefore, postprocessing of MRIs before automated glomerular segmentation included homogenization of the image intensity. After this, only a few glomeruli at the rim of the probe were not detected by the segmentation algorithm due to low probe sensitivity. Furthermore, MRI data of each kidney were prone to misalignment artifacts at the interface of the two composed volumes (Materials and methods section). This might lead to loss of detectable glomeruli in some slices. However, we assume that glomerular underestimation should be limited to a few slices only. Assuming a misaligned region covering not more than two glomerular diameters, we still expect at least 95% agreement between MRI counts and stereology estimates of N glom . This is confirmed by the statistical evaluation of the results, which shows no statistical difference between the two methods (P ¼ 0.171).
As ferritin-labelled glomeruli are detected by decreased signal intensity in the MRIs, they compete with signal-loss artifacts (e.g. air inclusions in tissue and agarose gel) and noise. Noise was eliminated by adequate choice of the lower segmentation threshold D min . Referring to a theoretical description about noise distribution in magnitude images, noise can be approximated by a Gaussian distribution, if SNR is >3 [21] . In this study, noise signal was 676 AE 249 with a SNR of 9.0 AE 0.5. (1 min) (20 min) Visual control (10 min) (10 min) Total (1 kidney)~17.6 h~68.5 h~2.3 h~11.5 h Total (2 kidneys per animal)~35.2 h~85 h~4.5 h~18 h a MRI requires considerably less time than stereology to obtain data for a single kidney. With MRI, glomerular quantification for one kidney can be carried out within one working day. Additionally, once the animal is perfused for MRI, little hands-on time is required. In contrast, stereology requires long fixation and embedding times (several days), as well as time-consuming sectioning and manual counting. In the present study, the stereological counting took longer than normal because the sample size for glomerular counts was increased (10 versus 6 h) to maximize the precision of estimates, in order to make more meaningful comparisons with the MRI data. Even though a larger number of samples can be fixed, embedded and stained at once for stereology, the bottleneck of this technique is the significant hands-on time required for sectioning and manual counting.
A lower segmentation threshold of D min ¼ 775 which corresponds to at least 3 3 SD noise should therefore be sufficiently high to exclude noise pixels in 99.9% of cases. However, susceptibility artifacts still may be incorrectly classified as glomeruli. As artifact objects often have much smaller or larger dimensions than glomeruli, they were excluded by introducing a lower and upper volume cut-off. Based on size distribution histograms (Figure 3) , the lower volume cut-off was set to 12 voxels (i.e. 5.1 3 10 À4 mm 3 ). This corresponds to V glom calculated from the mean stereological estimate of the shrinkage-corrected D glom reduced by 3 . Glomerular size measurements in susceptibility-weighted gradient-echo images strongly depend on experimental conditions (TE, magnetic field strength, spatial resolution) and physiology (ferritin concentration). The susceptibility artifact created by ferritin-labelled glomeruli was estimated for the given experimental and physiological conditions using the approach described by Bos et al. [25] for each individual kidney results in a mean difference DN glom of 3730 (1697). As the stereological method provides an estimation of the total number using an extrapolation over the whole organ and the MRI method is error prone by the previously mentioned factors, a difference between the two N glom methods is to be expected. The knowledge of the presence of errors and estimates in both methods makes it impossible to account one or the other result as the 'real' N glom . However, a paired t-test of our results shows that the two methods are not significantly different (P ¼ 0.171), indicating that our new MRI method yields comparable results to the established stereological method ( Figure 4A ). The two methods yield statistically different results (P < 0.001) for V glom , due to the systematic overestimation of glomerular volume with our MRI technique (tissue shrinkage and partial volume effects). The mean difference DV glom is 3.64 (0.82) 3 10 À4 mm 3 . However, the Pearson correlation coefficient of r Vglom ¼ 0.75 indicates a good correlation of the two methods despite the systematic overestimation ( Figure 4B ).
In summary, we report here a novel technique for the quantification of glomerular number, mean volume and volume distribution in rat kidneys. In comparison with current design-based stereological methods, our MRI technique is not based on estimation, but rather counts and sizes every glomerulus in the kidney. Additionally, this technique provides these values in one-seventh of the time required by stereology. Thus, one kidney can now be processed in 12 h.
